An ATP-binding cassette (ABC) transporter, breast cancer resistance protein (BCRP)/ABCG2, limits oral bioavailability of sulphasalazine. Here we examined the effect of curcumin, the principal curcuminoid of turmeric, on oral bioavailability of microdoses and therapeutic doses of sulphasalazine in humans.
Introduction
Drug-metabolizing enzymes and transporters form an essential detoxification system in the small intestine, and limit absorption of xenobiotic compounds including drugs into the circulation (Wacher et al., 2001; Ding and Kaminsky, 2003; Murakami and Takano, 2008) . For drug candidates, low oral availability is sometimes attributable to the metabolism and/or active efflux in the small intestine. Even for drugs in the market, these processes serve as potential sites causing non-linearity, and intersubject variation, due to drug-drug interactions, or genetic factors. Elucidation of the effect of such enzymes and transporters contributes to selection of candidates in drug development and to safety in drug therapy.
The breast cancer resistance protein (BCRP/ABCG2) is a multi-specific ATP-binding cassette (ABC) transporter expressed at the apical membrane in the intestine, liver, kidney and placenta Cusatis and Sparreboom, 2008; Vlaming et al., 2009 ; nomenclature follows Alexander et al., 2011) . Animal studies using Bcrp(-/-) mice have shown its ability to limit oral bioavailability, to promote elimination into the bile and urine and to limit penetration into the brain and testis (Enokizono et al., 2007; Vlaming et al., 2009) . Pharmacogenetic studies, which focused on the non-synonymous single nucleotide polymorphism (SNP) of BCRP (421C>A, Q141K) associated with lower protein expression of BCRP (Kondo et al., 2004; Kobayashi et al., 2005) , have disclosed the importance of BCRP in limiting oral bioavailability of drugs in human small intestine. Subjects with this mutant allele show higher systemic exposure to topotecan (Sparreboom et al., 2005) , sulphasalazine (Yamasaki et al., 2008) and rosuvastatin and atorvastatin (Keskitalo et al., 2009 ) following oral administration. Because of the broad substrate specificity of BCRP, its effect on oral bioavailability of other substrate drugs and drug candidates is a matter of great concern.
There has been growing interest in inhibitors of drug transporters in vivo, since the International Transporter Consortium published guidelines for the study of transporters in drug development, where the decision tree recommends a clinical drug-drug interaction study to elucidate the impact of transporters on the disposition and therapeutic efficacy of investigational drugs (Giacomini et al., 2010) . With regard to in vivo BCRP inhibitors, a multidrug resistance modifier GF120918, was the first compound to increase the oral absorption of topotecan by twofold in cancer patients (Kuppens et al., 2007) , although it has not yet been marketed. More recently, gefitinib and curcumin was shown to greatly enhance the plasma concentration of sulphasalazine following oral administration, by inhibiting Bcrp in mice (Zaher et al., 2006; Shukla et al., 2009 ), but their effectiveness in humans remains unknown. In spite of urgent needs, in vivo inhibitors of BCRP applicable to clinical studies have not been established.
Curcumin, the principal curcuminoid of turmeric, is a naturally occurring polyphenol. No curcumin-related toxicity was reported during phase I clinical trial where patients received oral curcumin (8 g·day -1 ) for 3 months (Cheng et al., 2001) . This low toxicity together with its high potency in inhibiting photolabelling of BCRP with [
125 I]iodoarylazidoprazosin (Shukla et al., 2009 ), made curcumin a promising candidate for an in vivo BCRP inhibitor in humans. Therefore, this study aimed to assess the effect of curcumin using sulphasalazine as test substrate for BCRP, oral availability of which is limited by BCRP (Yamasaki et al., 2008) , in healthy subjects. Clinical studies using microdoses aid rational selection of candidate drugs based on their pharmacokinetic behaviour in the early phase of drug development. However, because microdose studies are conducted at an extremely low dose (100 mg or a dose less than 1% of the dose yielding their pharmacological effects), the possible non-linearity of the pharmacokinetics at the therapeutic dose has been debated in extrapolating the microdose data to that of the therapeutic dose. To address this issue, we examined the effect of curcumin on the disposition of sulphasalazine both in a microdose and in a therapeutic dose in this study.
Methods

Animals
All animal care and experimental procedures complied with the regulations of the Committee on Ethics in the Care and use of Laboratory Animals of Hoshi University. Female Bcrp(-/-) mice, purchased from Taconic Farms (Germantown, NY, USA), were bred by Shimizu Laboratory Supplies Co., Ltd. (Kyoto, Japan). Age-matched wild-type mice (FVB strain) were purchased from CLEA Japan (Tokyo, Japan). All mice (10-40 weeks) were housed in rooms maintained at 23°C and 55 Ϯ 5% relative humidity, and allowed free access to food and water during the acclimatization period.
In vitro inhibition of ATP-dependent uptake of sulphasalazine by BCRP using curcumin
The studies of sulphasalazine (0.9 mM) transport using membrane vesicles expressing hBCRP were performed using a rapid filtration technique (Kondo et al., 2004) . All experiments were completed within 25 min after addition of curcumin to the transport medium, during which more than 80% of the curcumin remained intact. Sulphasalazine retained on the membrane filter was recovered in methanol by sonication for 15 min then vortexing for 10 min. After centrifugation and evaporation, the residue was reconstituted in methanol/ 10 mM ammonium acetate (40:60, v/v) , and subjected to analysis using high-performance LC/MS (LCMS-2010EV, Shimadzu Co., Kyoto, Japan). Chromatographic separation was performed at 40°C on a Capcell Pak C18 column (MGII, 3 mm, 2.0 mm ¥ 50 mm; Shiseido, Tokyo, Japan) under isocratic conditions at a flow rate of 0.3 mL·min -1
. The mobile phase consisted of methanol and 10 mM ammonium acetate (40/60, v/v) . Sulphasalazine was detected by selected ionization monitoring in negative mode (m/z 397.05).
To calculate the IC50 for the ATP-dependent uptake of sulphasalazine, the difference between the uptake in the presence of AMP and that in the presence of ATP, was fitted to the following equation :   CL  CL  (1  IC ) uptake inhibitor uptake control 50
where CLuptake (+Inhibitor) and CLuptake (control) are the uptake clearance in the presence or absence of curcumin, and I is the BJP H Kusuhara et al.
curcumin concentration. Fitting was performed by the nonlinear least-squares method using the MULTI program (Yamaoka et al., 1986) and the Damping Gauss-Newton algorithm.
In vivo pharmacokinetic study of sulphasalazine with curcumin in wild-type and Bcrp(-/-) mice
Curcumin and sulphasalazine were dissolved in PBS containing 0.5% methylcellulose. After an overnight fast, mice were given curcumin orally at a dose of 150, 300 or 400 mg·kg -1
(4 mL·g -1 body weight) or vehicle using a stomach sonde needle. At 1 h after oral administration of curcumin solution or buffer, mice received sulphasalazine orally at a dose of 10 mg·kg -1 body weight. Blood was collected from the tail vein at 0.25, 0.5, 1, 4, 6 and 8 h. After protein precipitation by acetonitrile and centrifugation, the supernatants of the plasma samples were evaporated at 40°C under nitrogen, and the residue was reconstituted with the mobile phase and subjected to LC/MS/MS analysis on the API4000 system (Applied Biosystems, Foster City, CA, USA) equipped with the Prominence LC system (Shimadzu Co.). Chromatographic separation was performed at 40°C on a Capcell Pak C18 column (MGII) under isocratic conditions at a flow rate of 0.2 mL·min 
Human subjects
This study was approved by the Ethics Committee of Osaka Pharmacology Clinical Research Hospital and Graduate School of Pharmaceutical Sciences, and was conducted in accordance with the Declaration of Helsinki and current Japanese ethical guidelines for clinical research. Eight healthy Japanese male volunteers carrying the CC genotype of the BCRP gene at the position of SNP 421C>A (rs2231142) were enrolled in this study after giving written informed consent. Each subject was physically normal by clinical examination and routine clinical testing, and had no history of significant medical illness or hypersensitivity to any drugs.
Study design
This was a single-arm and four-phase study. The first half of the study was the microdose pharmacokinetic study, and the second half was the pharmacokinetic study at a therapeutic dose. Assuming the volume of the intestinal lumen (2.8-11 L, Tachibana et al., 2009) , the lowest effective dose of curcumin was estimated to be 2.8 mg to inhibit BCRP in the small intestine. Because a large dose of curcumin (>150 mg·kg ) is necessary to inhibit Bcrp in mouse (Figure 2 ; Shukla et al., 2009) , the dose of curcumin used in human studies was set at 2 g, the highest dose approved by the Ethics Committees. This dose of curcumin was lower than the highest dose (8 g per day for 3 months) under which subjects did not display any adverse effects (Cheng et al., 2001) .
The microdose of sulphasalazine was prepared as follows: Salazopyrin® tablets were pulverized and dissolved in water containing 0.25 mM NaHCO3 and 10.4% ethanol followed by a 30-fold dilution using water. Sulphasalazine (100 mg) was administered orally after an overnight fast in period 1 and period 2 with a washout period of 7 days, and a therapeutic dose of sulphasalazine (2 g, 4 tablets of Salazopyrin®) was given orally in period 3 and period 4 with a washout period of 7 days. In period 2 and 4, the volunteers received 2 g curcumin (18 tablets) 30 min before sulphasalazine administration. Blood samples were taken by direct venepuncture (sodium heparin anticoagulant) before dosing and at 0.5, 1, 2, 3, 4, 6, 9, 12 and 24 h after dosing. Blood samples were centrifuged to produce plasma, and stored at -80°C until quantification. The study was registered in the UMIN Clinical Trials Registry at http://www.umin.ac.jp/ctr/index.htm (UMIN000002715).
Quantification of sulphasalazine and curcumin in human plasma samples
After addition of the internal standard (IS, probenecid), sulphasalazine and IS in human plasma were extracted using t-butyl methyl ether followed by evaporation of the organic layer. The residue was dissolved in distilled water containing acetonitrile and formic acid (600:400:2, v/v/v), and subjected to quantitation on an API4000 mass spectrometer equipped with an Alliance 2690 separation module (Waters Corporation, Milford, MA, USA). Chromatographic separation was performed at 40°C on a Gemini C18 column (3 mm, 2.0 mm ¥ 50 mm, Phenomenex, Torrance, CA, USA) under gradient conditions at a flow rate of 0.3 mL·min -1
. The mobile phases consisted of 10 mM ammonium acetate/25% ammonia solution (2000:1, v/v) and acetonitrile. The turbo ion spray interface was operated in the negative ion mode. The mass transition was from m/z 397 to 197 for sulphasalazine and from m/z 284 to 240 for the IS. The calibration curves were linear in the range of 10-10 000 pg·mL -1 (low range) using 500 mL of plasma and in the range of 20-20 000 ng·mL -1 (high range) using 20 mL of plasma, respectively.
Curcumin and IS (4-hydroxybenzophenone) in human plasma were extracted using ethyl acetate following protein precipitation followed by evaporation of the organic layer. The residue was dissolved in distilled water containing acetonitrile and formic acid (100:170:0.1, v/v/v). Curcumin was analysed using the LCMS-2010EV. Chromatographic separation was performed at 40°C on an Atlantis® dC18 column (3 mm, 2.1 mm ¥ 150 mm, Waters) under isocratic conditions at a flow rate of 0.2 mL·min -1 . The mobile phase consisted of acetonitrile and 0.1% formic acid (63:37, v/v). Detection was performed by selected ionization monitoring in positive mode (m/z 369.15 and m/z 199.00 for curcumin and IS, respectively). The analytical method was validated in terms of selectivity and linearity (1-50 ng·mL -1 in plasma, correlation coefficient (r) Ն 0.99).
Determination of pharmacokinetic parameters of sulphasalazine in healthy subjects
Cmax was obtained directly from the data. The area under the curve (AUC)0-24 was calculated by the linear trapezoidal rule. We calculated the oral clearance (CLtot/F) using the following equation:
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The Ke was estimated using least-squares regression analysis from the terminal post-distribution phase of the concentration-time curve.
Determination of solubility of sulphasalazine in inorganic buffer at different pH
The solubility of sulphasalazine was examined at different pH (pH 4.0 and 5.0 in 0.1 M acetate buffer, pH 5.0-8.0 in 0.1 phosphate buffer). Buffer containing sulphasalazine (100 mg) was continuously stirred for 3 days at 25°C. After centrifugation and filtration through a 0.2 mm membrane filter, the specimens were subjected to LC/MS/MS analysis as described later.
Construction of a stable transfectant of human organic anion-transporting polypeptide (OATP)2B1
The full open reading frame of human OATP2B1 cDNA (NM_007256) was amplified by PCR using a fetal brain cDNA library as the template and ligated into a pcDNA3.1(+) vector (Invitrogen, Carlsbad, CA, USA). The PCR primer pairs were 5′-atgggacccaggatagg-3′ and 5′-ctcacactcgggaatcctct-3′. The OATP2B1 open reading frame inserted in the sense orientation was verified by direct sequencing and found to fully match the published reference sequence. HEK293 cells were then transfected with OATP2B1 cDNA packaged into the pcDNA3.1(+) vector, along with Lipofectamine LTX according to the manufacturer's protocols. The transfected cells were selected with Geneticin and cloned using the penicillin cup method. The transport activity of the cloned cells was confirmed.
Determination of the uptake of sulphasalazine by OATP2B1-HEK
Cells were seeded 72 h before the transport assay in poly-Llysine-and poly-L-ornithine-coated 12-well plates at a density of 1.5 ¥ 10 5 cells per well. For the transport study, the cell culture medium was replaced with culture medium supplemented with 5 mM sodium butyrate 24 h before the transport assay to induce expression of the transporters. The in vitro transport study using HEK293 cells expressing OATP2B1 was performed as described previously (Shimizu et al., 2005) . After termination of the uptake, cells were recovered in a test tube and sulphasalazine was extracted by acetonitrile. After three washes with ice-cold buffer, cells were disrupted in sterile distilled water containing acetonitrile (67%, v/v) using a tip sonicator, and the lysates were centrifuged at 15 000¥ g for 5 min at 4°C. The supernatants were subjected to LC/MS/MS analysis.
Quantitation of sulphasalazine associated with cell specimens was performed using an AB SCIEX QTRAP 5500 mass spectrometer (AB SCIEX, Foster City, CA, USA) equipped with a Prominence LC system (Shimadzu). Chromatographic separation was performed at 40°C on an Atlantis T3 column (5 mm, 2.1 mm ¥ 50 mm, Waters, Tokyo, Japan) under gradient conditions at a flow rate of 0.4 mL·min -1 . Mobile phases were acetonitrile and 0.1% formic acid. Detection was performed by selected ionization monitoring in a positive mode (m/z 398.892 for the parent ion, and m/z 196.6 for the daughter ion).
Data analysis
Data are shown as means Ϯ SEM except for results in Figure 4 which are shown as box and whisker plots. The horizontal line within each box represents the median and the box edges represent the lower and upper quartiles, respectively. The whiskers extend from the lower and upper quartiles to the furthest data points still within a distance of 1.5 interquartile ranges from the lower and upper quartiles. Statistical significance was examined by one-way analysis of variance (ANOVA) followed by Dunnett's post hoc multiple comparison tests, by paired t-test or by one-way ANOVA followed by Tukey's multiple comparison tests. Differences were considered to be significant at P < 0.05
Materials
Salazopyrin® (Pfizer, Tokyo, Japan) was used in the clinical study. Sulphasalazine and oestrone-3-sulphate were purchased from Sigma-Aldrich (St Louis, MO, USA), and atorvastatin was from Toronto Research Chemicals (Ontario, Canada). [ 3 H]Oestrone-3-sulphate was purchased from PerkinElmer Life and Analytical Sciences (Waltham, MA, USA). All other chemicals of the highest grade commercially available were obtained from Wako Pure Chemical Industries (Kyoto, Japan). Curcumin tablets were manufactured by API (Gifu, Japan) and contained about 111 mg of curcumin per tablet (350 mg total weight of tablet) and maltitol 23.8% (w/w), sucrose fatty acid esters 2.5% (w/w), highly dispersed silicon dioxide 2% (w/w) and starch 31.2% (w/w). Disintegration of the tablet was confirmed by a conventional method (<9 min).
Results
Effect of curcumin on the ATP-dependent uptake of sulphasalazine by hBCRP
Addition of ATP significantly stimulated the uptake of sulphasalazine by membrane vesicles expressing hBCRP for 10 min compared with AMP. The uptake of sulphasalazine in the presence of AMP and ATP (mL/10 min·mg -1 protein) was 352 Ϯ 6 and 868 Ϯ 104, respectively (P < 0.05). Curcumin inhibited the ATP-dependent uptake in a concentrationdependent manner with an IC50 value of 1.60 Ϯ 0.93 mM (Figure 1 ). Using the previously reported Km of sulphasalazine (0.70 mM) (Jani et al., 2009) , the Ki of curcumin was calculated to be 0.70 Ϯ 0.41 mM.
Effect of curcumin on the plasma concentrations of sulphasalazine in wild-type and Bcrp(-/-) mice
Curcumin was given orally to wild-type and Bcrp(-/-) mice 1 h before oral administration of sulphasalazine. Curcumin at a dose of 150 mg·kg -1 did not affect the Cmax of sulphasalazine, but it prolonged the systemic exposure, although the difference was not statistically significant. Oral dosing of curcumin at a dose of 300 and 400 mg·kg -1 markedly elevated the plasma concentrations of sulphasalazine in wild-type mice (Figure 2 ). The mean AUC0-8 of plasma sulphasalazine concentrations was 8.5-and 8.0-fold higher in wild-type mice given at a dose of 300 and 400 mg·kg -1 , respectively, com-BJP H Kusuhara et al.
pared with vehicle control. The plasma concentration of sulphasalazine was markedly higher in Bcrp(-/-) mice than in wild-type mice under control condition (Figure 2 ). Bcrp(-/-) mice treated with oral curcumin (400 mg·kg -1 ) showed a slight increase in the plasma concentration of sulphasalazine at 0.25 and 0.5 h, but because of large variations, the difference was not statistically significant.
Effect of curcumin on the systemic exposure to sulphasalazine at a microdose and a therapeutic dose
No clinically undesirable signs and symptoms possibly attributable to the administration of sulphasalazine and curcumin were identified during the study. All subjects successfully completed the study according to the protocol. During the study period, the concentrations of curcumin in the plasma samples were below 0.5 ng·mL -1 (lower limit of quantification) or were undetectable except for two plasma samples taken at 2 h (1.7 and 1.1 ng·mL -1 ). Curcumin treatment significantly elevated the plasma concentrations of sulphasalazine given either as a microdose or as a therapeutic dose orally (Figure 3) . Both Cmax and AUC0-24 of sulphasalazine was significantly greater in the curcumin-treated group than in the control group in both the microdose and therapeutic dose studies (Figure 4) , whereas there was no difference in the elimination constants (Ke) ( Table 1 ). The mean AUC0-24 of plasma sulphasalazine concentrations were 3.2-and 1.8-fold larger in curcumin-treated groups at the microdose and therapeutic dose of sulphasalazine, respectively. The effect of BCRP inhibition was more prominent in the therapeutic dose study than in the microdose study (Figure 4) .
When the plasma concentration-time profile of sulphasalazine was compared in both control groups, the dosenormalized plasma concentration was significantly higher at the microdose than at the therapeutic dose ( Figure 5 ). AUC 0-24 was 7.4-fold higher in the control group of the microdose study than in the control group of the therapeutic dose study (P < 0.05), while the difference was 4.1-fold in the curcumintreated groups.
Solubility of sulphasalazine
The solubility of sulphasalazine in the intestinal lumen was estimated by a conventional solubility test. The maximum concentrations of sulphasalazine achievable were 0.0243, 0.209, 1.66, 19.3 and 17.1 mM at pH 4.0, 5.0, 6.0, 7.0 and 8.0, respectively. A simulation with GastroPlus (Simulations Plus, Inc., Lancaster, CA, USA) using the solubility obtained predicted that the entire amount of sulphasalazine is dissolved during the transition through the small intestine even at the therapeutic dose (data not shown).
OATP2B1-mediated uptake of sulphasalazine in HEK293 cells
The uptake of oestrone-3-sulphate by OATP2B1-HEK was significantly greater than that by mock transfected cells. It was markedly inhibited by an OATP2B1 substrate, atorvastatin ( Figure 6 ). The Ki of atorvastatin has been reported to be 0.7 mM (Grube et al., 2006) . It is reasonable that the uptake of oestrone-3-sulphate by OATP2B1 was markedly inhibited in the presence of 20 mM atorvastatin. The uptake of sulphasalazine by OATP2B1-HEK cells was significantly greater than that by mock transfected cells ( Figure 6 ) and markedly inhibited by atorvastatin. The uptake of sulphasalazine by OATP2B1 was saturable with Km and Vmax of 1.73 Ϯ 0.30 mM and 9.72 Ϯ 0.98 pmol·min 
Discussion and conclusions
BCRP is an ABC transporter, limiting oral bioavailability of drugs by active extrusion to the lumen of intestine. The purpose of this study was to examine the effect of curcumin on pharmacokinetics of oral sulphasalazine, a test substrate of BCRP in healthy subjects as well as experimental animals. A microdose and a therapeutic dose study in healthy subjects were designed to examine the linearity of pharmacokinetics of oral sulphasalazine, and dose dependence on the magnitude of drug-drug interaction.
The inhibitory potency of curcumin was examined in vitro and in vivo in mice. The IC50 of curcumin determined for the ATP-dependent uptake of sulphasalazine by hBCRP is comparable with the previously reported value, which was determined against photolabelling of BCRP with [ 125 I]iodoarylazidoprazosin (Shukla et al., 2009) . Consistent with previous mouse studies (Zaher et al., 2006; Shukla et al., 2009) , curcumin increased the systemic exposure of sulphasalazine in a dose-dependent manner in wild-type mice. Because the plasma concentration of sulphasalazine in Bcrp(-/-) mice was lower than that in wild-type mice given 300 and 400 mg of curcumin and curcumin slightly increased the plasma concentration of sulphasalazine by 1 h after administration to Bcrp(-/-) mice, it is possible that other transporter(s) delays the absorption and/or limits the oral
Figure 1
Effect of curcumin on the ATP-dependent uptake of sulphasalazine by hBCRP. Membrane vesicles expressing hBCRP were incubated with sulphasalazine (0.9 mM) in the presence of ATP or AMP for 10 min at 37°C in the absence or presence of curcumin at the designated concentrations. Data shown are mean(ϮSEM) values of the ATPdependent uptake of sulphasalazine, which was obtained by subtracting the uptake in the presence of AMP from that in the presence of ATP (n = 3). A calculated curve is shown.
bioavailability of sulphasalazine. It is also suggested that sulphasalazine undergoes active efflux by multidrug resistanceassociated protein 2 (MRP2) as well as Bcrp in rat intestine and Caco-2 cells (Dahan and Amidon, 2009 ). However, because of the marginal effect of curcumin on the AUC0-8 of sulphasalazine in Bcrp(-/-) mice compared with wild-type mice, most of the effect of curcumin observed in wild-type mice is attributable to Bcrp inhibition.
Curcumin significantly elevated the plasma concentrations of sulphasalazine following oral administration at both microdose and therapeutic dose in healthy subjects (Figure 3) . Notably, curcumin showed 10-fold higher potency for in vivo inhibition of BCRP in humans than in mice. Cmax of sulphasalazine in the subjects given a therapeutic dose of sulphasalazine with pretreatment of oral curcumin was similar to the value detected in subjects homozygous for the BCRP SNP (421AA) (49 vs. 41 mg·mL -1 ) (Yamasaki et al., 2008) . Thus, the magnitude of reduction of BCRP activity by curcumin at the current dose is probably similar to that caused by the SNP. The plasma concentration of curcumin was below the limit of quantification, which is in a good agreement with previous report (Vareed et al., 2008) . Therefore, curcumin is not suitable to inhibit BCRP involved in active efflux at the blood-brain barrier or systemic elimination by the liver and kidney at the current dose, although inhibition of BCRP in the liver during its first pass remains unclear. Overall, 
Figure 2
Effect of curcumin on systemic exposure to sulphasalazine following oral administration in wild-type and Bcrp(-/-) mice. Female wild-type (panel A) and Bcrp(-/-) mice (panel B) were given oral sulphasalazine (10 mg·kg -1 ) alone, or with a pretreatment of curcumin at 150, 300 and 400 mg kg -1 , 1 h before the sulphasalazine dose. Plasma concentrations of sulphasalazine were determined at the times shown. Data shown are mean (ϮSEM) values of the plasma concentrations (n = 5 or 6). In (C) and (D) the AUC0-8 corresponding to the data in (A) and (B) respectively, was calculated by the trapezoidal method. *P < 0.05, significantly different from control; one-way ANOVA with Dunnett's post hoc multiple comparison test.
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curcumin was an effective in vivo BCRP inhibitor and could be used to investigate the effect of BCRP on the absorption of drugs or drug candidates in clinical studies. This type of study would help to understand the mechanism underlying poor oral absorption and inter-individual variation in the oral availability of BCRP substrate drugs.
However the specificity of curcumin in terms of other transporters and enzymes in the small intestine must be considered. For instance, because the IC50 of curcumin for MRP2 is 5 mM (Wortelboer et al., 2005) , curcumin may inhibit MRP2 in the small intestine, as well as BRCP. Currently, the importance of MRP2 in the small intestine has not been established. Abundance of MRP2 mRNA in the intestine is still to be established. In the jejunum it is similar to that of BCRP (Taipalensuu et al., 2001) , but somewhat lower in the intestine, compared with BCRP and P-gp (Englund et al., 2006) . Further pharmacokinetic interaction studies using in vivo MRP2 test substrates will be needed to elucidate the selectivity of curcumin.
The microdose study provided two pharmacokinetic characteristics of sulphasalazine: lower impact of BCRP inhibition at microdose than at therapeutic dose (Table 1) , and nonlinearity in AUC of plasma sulphasalazine concentrations ( Figure 5 ). The apparent difference in the effect of BCRP inhibition between microdose and therapeutic dose studies is attributable to the non-linearity in its oral bioavailability. Based on the recovery of sulphasalazine in the urine and bile at the therapeutic dose (4.5% and 2.5%, respectively, Azadkhan et al., 1982) , the fraction of sulphasalazine absorbed is estimated to be 50% at the microdose. This limits the magnitude of interaction with curcumin to 2 at most. There are three possible mechanisms underlying the non-linear pharmacokinetics of sulphasalazine: limited dissolution of sulphasalazine, regional difference in transporter expression and saturation of the influx transporter. Although the simulation using GastroPlus® suggests that sulphasalazine can be solubilized in the lumen at a therapeutic dose during transit through the small intestine, dissolution is still considered a
Figure 3
Effect of curcumin on the systemic exposure to sulphasalazine following oral administration in healthy subjects. Curcumin (2 g) was given orally to healthy subjects 30 min before oral sulphasalazine (100 mg panel A and 2 g panel B). Plasma concentrations of sulphasalazine were determined at the times shown. Data shown are mean(ϮSEM) values of the plasma concentrations (n = 8). *P < 0.05, significantly different from control; paired t-test.
Figure 4
Effect of curcumin on Cmax and AUC of sulphasalazine given orally at a microdose and at a therapeutic dose. Cmax and AUC at a microdose (A) and a therapeutic dose (B) were calculated based on data shown in Figure 3 . Values are expressed as box (lower and upper quartiles) and whisker (the furthest data points still within a distance of 1.5 interquartile ranges from the lower and upper quartiles) plots with medians shown as the horizontal line. *P < 0.05, significantly different from control; paired t-test.
limiting factor in sulphasalazine absorption. Formulations of sulphasalazine were different in the microdose and therapeutic dose, solution and tablet, respectively. It is possible that such difference alters the site of sulphasalazine absorption in the small intestine, leading to the difference in its oral availability because of regional difference in the expression of metabolic enzymes and transporters, microenvironment and transit time. As far as BCRP mRNA expression is concerned, its regional difference, if any, is marginal. Gutmann et al., (2005) reported that BCRP mRNA expression is similar between the duodenum and ileum, while Englund et al. (2006) reported that it is twofold higher in the ileum than in the jejunum. We need further clarification of the regional difference in the sulphasalazine absorption along the intestine.
Saturation of the influx transporter for sulphasalazine is another possibility. There have been several reports showing the involvement of multi-specific drug transporters, such as OATP1A2 and OATP2B1, in the intestinal absorption of drugs based on a pharmacokinetic interaction with grapefruit juice and its ingredient, naringenin, which lowers oral availability of fexofenadine, and b-blockers, such as talinolol and celiprolol (Glaeser et al., 2007; Bailey, 2010; Tapaninen et al., 2011) . Furthermore, a genotype of OATP2B1 is associated with variation of oral availability of S-fexofenadine (Akamine et al., 2010) , fexofenadine (Imanaga et al., 2011) and celiprolol (Ieiri et al., in press) , although the effect of the SNP reported by Akamine et al. (2010) is opposite to the reports by others (Imanaga et al., 2011; Ieiri et al., in press ). We found sulphasalazine to be a substrate of OATP2B1 in vitro ( Figure 5 ). OATP2B1 mRNA is expressed in the jejunum and ileum with similar abundance (Englund et al., 2006) . It is possible that intestinal absorption of sulphasalazine involves OATP2B1-mediated influx. Furthermore, assuming the apparent volume of intestinal lumen to be 2.8-11 L (Tachibana et al., 2009) or 0.7-2.8 L (Tachibana et al., 2012) based on the drug-drug interaction and non-linearity in oral bioavailability of CYP3A4 and P-glycoprotein substrates, the effective concentration of sulphasalazine in the intestinal lumen at the therapeutic dose is estimated to be 0.46-1.8 or 1.8-7.1 mM, respectively, which are far greater than its K m for OATP2B1. The corresponding values at microdose were 0.023-0.090 and 0.090-0.35 mM, respectively, lower than its Km value. This led us to consider the possibility of OATP2B1 saturation at the therapeutic dose of sulphasalazine as part of the mechanism underlying the non-linearity. If this is true, sulphasalazine should inhibit the absorption of drugs that are OATP2B1 substrates; however, there is no report on this interaction. Further studies are necessary to support this hypothesis.
Because sulphasalazine is a high affinity substrate of BCRP (Jani et al., 2009) , saturation of BCRP in the intestine should be discussed at the therapeutic dose. The maximum concentration of sulphasalazine we could assume in the lumen exceeds its Km for BCRP. The SNP of BCRP is associated with an intersubject difference in the systemic exposure of sulphasalazine in subjects given a therapeutic dose of sulphasalazine orally and this finding suggests that BCRP is not totally saturated. Unlike the influx transporter, magnitude of BCRP saturation depends on the intracellular unbound con- 
Figure 5
Comparison of dose-normalized plasma concentration-time profile of sulphasalazine in the control groups. Plasma concentrations of sulphasalazine in subjects given an oral microdose (MD) and a therapeutic dose (ThD) of sulphasalazine alone, were divided by the doses. Data are taken from Figure 3 .
centration. Because of its limited dissolution in the lumen or saturation of the influx transporter, or both, the intracellular unbound concentration may not be high enough to saturate the efflux transporter. Dahan and Amidon (2009) reported non-linearity in the permeability coefficient of sulphasalazine using in situ single-pass rat jejunal perfusion. The permeability became higher along with the substrate concentration, suggesting the saturation of Bcrp-mediated efflux in rats. There may be a species difference between rats and humans in the BCRP efflux activity or in the influx activity by OATPs in the intestine, or both. Sulphasalazine has long been used in the treatment of inflammatory bowel diseases such as ulcerative colitis and Crohn's disease and rheumatoid disease (Peppercorn, 1984; Rains et al., 1995) . After oral administration, sulphasalazine is broken down into sulphapyridine and 5-aminosalicylic acid by bacterial azoreductases in the colon and cecum (Peppercorn and Goldman, 1972; Houston et al., 1982) . The targeting of sulphasalazine to the colon is critical for demonstrating its pharmacological action. In addition to the active efflux into the lumen and limited dissolution, saturation of OATP2B1 may contribute to deliver sulphasalazine to its target site. This provides a rationale for relatively high doses of sulphasalazine employed for the treatment of inflammatory bowel diseases.
In conclusion, curcumin is a useful in vivo inhibitor of BCRP in studies assessing the importance of this transporter to the oral availability of drugs and drug candidates in humans. The intestinal absorption of sulphasalazine may involve OATP2B1 in its influx process. Besides the limited dissolution, OATP2B1 saturation is suggested as another possible mechanism underlying the non-linearity in the dose-exposure relationship of sulphasalazine. and Dr Makiko Kusama (The University of Tokyo) for their fruitful suggestions.
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Figure 6
OATP2B1-mediated uptake of sulphasalazine in HEK293 cells. (A) The uptake of [ 3 H]oestrone-3-sulphate (E3S; 0.1 nM) and sulphasalazine (0.1 mM) was determined in OATP2B1-expressing HEK293 cells and mock transfected cells (control) for 2 min at 37°C in the absence and presence of atorvastatin (ATV; 20 mM). Data shown are mean (ϮSEM) values (n = 3). **P < 0.01 (mock control vs. OATP2B1-HEK significantly different from control), † †P < 0.01 (significant effect of atorvastatin); one-way ANOVA followed by Tukey's multiple comparison tests. (B) The uptake of sulphasalazine was determined in OATP2B1-HEK and mock transfected cells for 2 min at 37°C at various substrate concentrations (0.1, 0.3, 1.0, 3.0, 10, 30 and 100 mM). Specific uptake by OATP2B1 was obtained by subtracting the uptake by mock transfected cells from the uptake by OATP2B1-HEK. A calculated curve is shown.
